Abstract: Molecular examples of mixed-valence copper complexes through chemical oxidation are rare but invoked in the mechanism of substrate activation, especially oxygen, in copper-containing enzymes. To examine the cooperative chemistry between two metals in close proximity to each other we have begun to study the reactivity of a dinuclear Cu(I) amidinate complex. The reaction of [(2,6-Me2C6H3N)2C(H)]2Cu2, 1, with I2 in THF, CH3CN, and toluene affords three new mixed-valence copper complexes, [(2,6-Me2C6H3N)2C(H)]2Cu2(μ2-I3)(THF)2, 2, [(2,6-Me2C6H3N)2C(H)]2Cu2(μ2-I)(NCMe)2, 3, and [(2,6-Me2C6H3N)2C(H)]3Cu3(μ3-I)2, 4, respectively. The first two compounds have been characterized by UV-Vis and EPR spectroscopy and their molecular structure determined by X-ray crystallography. Both di-and trinuclear mixed-valence intermediates have been characterized for the reaction of compound 1 to compound 4 and the molecular structure of 4 has been determined by X-ray crystallography. The electronic structure of each of these complexes has also been investigated using density functional theory.
Introduction
Copper-containing enzymes play a central role in the activation of small molecules such as O2 and N2O, 1 hence elucidating new possibilities for metal-mediated small molecule activation through synthetic models is one approach to understanding their enzymatic activity. Even though a mixed-valence state is invoked in the mechanism of several copper-containing enzymes such as nitrous oxide reductase, 2, 3 cytochrome c oxidase, 4, 5 and hemocyanin, 6 few molecular examples of mixed-valence copper complexes have been isolated. Synthetically, this is typically done by self-assembly, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] electrochemically, 23, 24 and, less commonly, by chemical redox. [25] [26] [27] [28] [29] [30] [31] [32] Additionally, mixed-valence Cu coordination polymers are prevalent. [33] [34] [35] [36] The use of nitrogen-donor ligands for modeling Cu-containing enyzmes is well-established leading to mechanistic details, especially for monometallic copper complexes. 37 For example, the interaction of Cu(I) and O2 with β-diketiminate ligands has been shown to involve an oxidation of Cu(I) to Cu(II) with concomitant one-electron reduction of O2 to the superoxide, O2
−. 38 Finally, the Karlin group has many examples of O2 activation with dinuclear Cu(I) complexes for modeling multinuclear copper clusters that catalyze oxidase reactions. 39 The CuA site of cytochrome c oxidase contains two fourcoordinate copper ions, bridging dithiolates, approximately 2.6 Å apart, and has mixed-valence 2Cu(1.5,1.5) resting state. Copper(I) amidinate complexes 40, 41 feature two copper(I) ions with a similar CuCu separation and have two nitrogen atoms coordinated similar to the Inorganic Chemistry, Vol 54, No. 17 (August 8, 2015) : pg. 8509-8517. DOI. This article is © American Chemical Society and permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society.
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CuA site which has a nitrogen from histidine coordinated to each copper, Figure 1 . The reactivity of bimetallic Cu(I) amidinate complexes is virtually unknown and our objective was to expand on the chemistry of a dinuclear Cu(I) complex, [(2,6-Me2C6H3N)2C(H)]2Cu2, 1, we recently reported. 42 One mixed-valence copper amidinate complex has been reported. 7f Based on 1, we herein report the synthesis and characterization of three new mixed-valence copper complexes simply from reactivity differences in polar (THF and NCCH3) and nonpolar (toluene) solvents. The reactions with 1 and I2 in THF and NCCH3 have similar electronic structure to the CuA site. 
Experimental Section

General considerations
All manipulations were carried out inside an argon or nitrogen atmosphere Vacuum Atmosphere OMNI glove box with rigorous exclusion of air and water unless otherwise specified. Anhydrous solvents (Aldrich) were purchased, spared with nitrogen, and stored over molecular sieves. [Cu(NCMe)4]PF6 (Strem) was used as received. I2 (Aldrich) was sublimed prior to use. Cu2[(2,6-Me2C6H3N)2C(H)]2, 1, was synthesized as previously reported. 42 FTIR measurements were made on a Thermo-Nicolet instrument using spectroscopic grade KBr. The UV-Vis-NIR measurements were collected with a Cary 5000 instrument. Solid-state Raman measurements were obtained on a accessed by following the link in the citation at the bottom of the page.
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Renishaw InVia spectrometer at an excitation wavelength of 632.8 nm. Elemental analysis was performed by Atlantic Microlab, Inc. (Norcross, GA).
Synthesis of [(2,6-Me2C6H3N)2C(H)]2Cu2(μ2-I3)(THF)2, 2
In a scintillation vial, 1 (100 mg, 0.16 mmol) was dissolved in THF (10 mL) and I2 (40 mg, 0.16 mmol) was added at room temperature. The solution color immediately changed from colorless to dark brown-red. After 4 h, the solvent was removed under vacuum to yield a dark brown-red powder (90 mg, 56% 
Synthesis of [(2,6-Me2C6H3N)2C(H)]2Cu2(μ2-I)(NCMe)2, 3
In a scintillation vial, 1 (100 mg, 0.16 mmol) was dissolved in acetonitrile (15 mL) and I2 (40 mg, 0.16 mmol) was added at room temperature. The solution color immediately changed from colorless to dark red. After 4 h, the solvent was removed under vacuum to yield a dark red-brown powder (96 mg, 71%). Anal. Calcd for Cu2C38H44IN6: C, 54.41%; H, 5.29%; N, 10.02%. Found: C, 54.25%; H, 5.37%; N, 9.88%. X-ray quality crystals were grown overnight from a saturated acetonitrile solution at −25°C. UV-Vis-NIR (0.88 mM, NCCH3): 500 
Synthesis of [(2,6-Me2C6H3N)2C(H)]3Cu3(μ3-I)2, 4
In a scintillation vial, 1 (100 mg, 0.16 mmol) was dissolved in toluene (10 mL) and I2 (40 mg, 0.16 mmol) was added at room 
Crystal structure determination and refinement
The selected single crystal of 2-4 was mounted on a nylon cryoloop using viscous hydrocarbon oil. X-ray data collection was performed at 100(2) or 173(2) K. The X-ray data were collected on a Bruker CCD diffractometer with monochromated Mo-Kα radiation (λ = 0.71073 Å). The data collection and processing utilized Bruker Apex2 suite of programs. 43 The structures were solved using direct methods and refined by full-matrix least-squares methods on F 2 using Bruker SHELX-97 program. 44 All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were placed at calculated positions and included in the refinement using a riding model. Thermal ellipsoid plots were prepared by using X-seed 45 with 30 or 50% of probability displacements for non-hydrogen atoms. Crystal data and details for data collection for complexes 2-4 are also provided in Table 1 . 
EPR Spectroscopy
Most X-band EPR spectra at 110 K were obtained with a Bruker EMX spectrometer located at the National Biomedical EPR Center at the Medical College of Wisconsin. Spectra were simulated with EasySpin. 46 Additional X-band spectra were obtained at 10 K with an Elexsys E500 EPR spectrometer, Bruker, Billerica, MA. Q-band spectra were obtained on a Varian E109 spectrometer. Low frequency spectra (S-band (3.5 GHz) and L-band (2.0 GHz) were obtained using home built bridges and resonators at the National Biomedical EPR Center.
DFT Calculations
DFT calculations were performed using the ORCA 2.9 software package developed by Neese (MPI for Chemical Energy Conversion). 47 The computational models were derived from the crystallographic coordinates, although the methyl substituents at the 2-and 6-positions of the phenyl rings were replaced by hydrogen atoms which were added by assuming idealized C-H bond lengths and angles. The calculations utilized Becke's three-parameter hybrid functional for exchange along with the Lee-Yang-Parr correlation functional (B3LYP). 48, 49 Ahlrichs' valence triple-ζ basis set (TZV), in conjunction with the TZV/J auxiliary basis set, 50, 51 were used for the nonmetallic atoms; the "core properties" with extended polarization [CP(PPP)] basis set 52 was used for the Cu atoms. The contribution of spin-orbit coupling to the g-and A-tensors was evaluated by solving the coupled-perturbed self-consistent field (CP-SCF) equations. [53] [54] [55] [56] To ensure the accuracy of the hyperfine coupling constants, a high accessed by following the link in the citation at the bottom of the page.
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resolution grid with an integration accuracy of 7.0 was generated for the Cu atoms. Isosurface plots of molecular orbitals were prepared with the gOpenMol program 57 developed by Laaksonen. TD-DFT calculations [58] [59] [60] computed absorption energies and intensities using the Tamm-Dancoff approximation.
61,62
Results and Discussion
We began exploring the reactivity of 1 to compare with the Au(I) analog, i.e. Au2(amid)2. 63 While the reaction of Au2(amid)2 with I2 produced a green product, Au2(amid)2I2, containing two Au(II) centers, 1 with I2 in THF produces a dark red-brown solution, eq 1. The 1 H NMR spectrum showed broad resonances indicating a paramagnetic species but no other conclusions could be drawn. The UV-Vis-NIR spectrum showed an absorption in the visible region at 530 nm ( Figure S1 ). Absorptions at 1100 and 1940 nm are observed for 2 in the nearinfrared region ( Figure S1 ). Dark red-brown crystals suitable for X-ray crystallography analysis were obtained from a saturated THF solution at −35 °C definitively identifying the product as [(2,6-Me2C6H3N)2C(H)]2Cu2(μ2-I3)(THF)2, 2, Figure 1 . Complex 2 is the oneelectron reduction of I2 to I3 − which bridges the two Cu metals and one THF solvent molecule coordinates to each metal as well. Based on formal valence, one metal must be Cu(I) and the other Cu(II).
(1)
The structure of 2, Figure 2 , shows a similar structure to the parent compound, 1, with each Cu coordinated to the nitrogen of the same amidinate ligand. The Cu1-N1 and Cu1-N4 bond distances of 1.915(4) and 1.916(4) Å are slightly longer than the 1.904(4) and accessed by following the link in the citation at the bottom of the page. 1.910(4) Å lengths of Cu2-N2 and Cu2-N3. The metal-metal bond is now 2.5103(9) Å which is shorter than 2.5477(14) Å in 1. One remarkable feature of 2 is the bridging triiodide ligand as we can find no previous reports of this common counteranion behaving as an η 1 -bridging ligand between two metal centers. Reports of I3 − as a terminal [64] [65] [66] [67] [68] [69] [70] and bridging ligand have been described but with one metal bound η 1 to both terminal iodine atoms. 71, 72 The absorption at 530 nm is attributed to a metal to ligand charge transfer band. The solid-state Raman spectrum of 2 gave absorption at 168 cm −1 , indicative of the triiodide ligand, Figure S2 .
The electronic structure of 2 was probed using EPR spectroscopy. The X-band spectrum of 2, Figure 3 , is well-resolved about the high field g-value, gz, where Az = 78 G in a 1:2:3:4:3:2:1 pattern, where the last four lines are separated from the rest of the spectrum, and the intensities of the last four high field lines fit the pattern. The 1 st harmonic spectrum, Figure 3 , emphasizes some of the low field lines. A well fit spectral simulation gives insight to the EPR parameters. To confirm that the gz-value is centered in the middle of the 7-line pattern for a dinuclear copper species and not a 10-line pattern for a trinuclear copper complex, the g-values, 2.209, 2.158, and 2.053, were obtained at Q-band, 34.81 GHz, where the g-values VERSION; this is the author's final, peer-reviewed 
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are better separated ( Figure S3 ). This confirms that the g-value on the high field side is a 7-line pattern due to a mixed-valence dinuclear 2Cu(1.5,1.5) complex.
73,74 Therefore 2 is a Class III species. 75 At lower microwave frequencies, the low field side of the spectrum is better resolved, but the gz region is less resolved than at X-band. The electronic structure and spectroscopic features of complex 2 were further probed using density functional theory (DFT). These calculations employed the hybrid B3LYP functional and the crystallographically-determined structure, although the methyl substituents of the phenyl rings were replaced with H-atoms. The computed singly-occupied molecular orbital (SOMO), shown in Figure  4 , is best described as the antibonding combination of the two Cubased d(x 2 -y 2 ) orbitals, consistent with the shortening of the Cu-Cu interaction upon oxidation. The overall composition of the SOMO is 39% Cu1, 31% Cu2, and 14% Namid, with only minor contributions from the THF (4%) and I3 − (2%) ligands. For reference, the estimated spin density distribution in the CuA site has been calculated to be 38%. 76 Thus, the unpaired electron is almost evenly de-localized over the two copper centers, also consistent with the assignment of 2 as a class III mixed-valence compound. permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society. Figure 4 . DFT-generated isosurface plot of the SOMO of complex 2. The orientation of the g-tensor is indicated by the coordinate system; by convention, the x-axis is assigned to gmin and the z-axis is assigned to gmax.
As summarized in Table S1 , the g-values of 2.200, 2.152, and 2.066 provided by DFT are quite close to the experimental values determined by EPR spectroscopy. We also computed hyperfine coupling values for the two Cu nuclei, and both A-tensors feature large contributions from spin-dipolar and spin-orbit coupling terms. The 63 Cu A-tensors are not coincident with each other, or with the molecular gtensor (Table S1 ). Therefore, it was necessary to simulate the predicted EPR spectrum using the Euler angles provided by the calculation, and the results are shown in Figure 5 . Since the magnitudes of the computed A-values are approximately the same for the two nuclei, each EPR feature displays a seven-line pattern (although such splitting may not be resolved in the actual spectrum). In good agreement with the experimental data, DFT predicts a hyperfine splitting of 234 MHz for the high-field gx resonance and smaller A-values of 85 and 180 MHz for the gy and gz features, respectively ( Figure 5 ). Collectively, these DFT calculations nicely reproduce the distinctive spectroscopic features of complex 2. VERSION; this is the author's final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation at the bottom of the page. Performing the reaction of 1 with I2 in acetonitrile affords a dark red colored solution, eq 2. The UV-Vis-NIR spectrum of 3 ( Figure S1 ) showed different absorptions to 2, indicating the formation of a new species. Complex 3 has one shoulder feature around 500 nm and two NIR absorptions at 860 and 1510 nm. The feature at 860 nm is similar to that for the CuA site at 808 nm. 77 The absorption spectra of 2 and 3 were interpreted with the aid of time-dependent DFT (TD-DFT) calculations. For both complexes, the computed spectra ( Figure S4 ) nicely reproduce the presence of broad features in the NIR region between 800 and 2000 nm. DFT attributes these NIR bands to charge accessed by following the link in the citation at the bottom of the page. (6) . (2) The X-band EPR spectrum for the reaction in acetonitrile, Figure  7 , is resolved on both the high and low field sides of the spectrum where a simulation of the spectrum and the 1 st harmonic (derivative) gives g-values of 2.23, 2.14, 2.04 and A-values of 60, 36, 61 G. DFT calculations of complex 3 also converge to a class III mixed-valence ground state in which the unpaired spin density is fully delocalized over the two Cu centers. The composition of the SOMO is 34% Cu1, 34% Cu2, and 15% Namid, with minimal contributions from other moieties. The computed g-values of 2.187, 2.151, and 2.066 adequately mimic the experimental values, although DFT underestimates the rhombicity of the molecular g-tensor. As in the case of complex 2, the A-tensors of the two Cu nuclei adopt different accessed by following the link in the citation at the bottom of the page.
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14 orientations than the g-tensor, necessitating the use of Euler angles. The simulated EPR spectra, shown in Figure S5 , exhibit hyperfine splittings of 160, 60, and 220 MHz for Ax, Ay, and Az, respectively. These values are consistent with the experimental EPR studies, which found large A-values of ~170 MHz in the high-and low-field features.
When the reaction of 1 with I2 is performed in toluene a dark purple-brown solution, eq 3, was observed with only one absorbance at 495 nm in the visible region ( Figure S1 ). The UV-Vis-NIR spectrum revealed two features in the visible region at 480 and 680 nm and no absorptions in the NIR region. Crystals suitable for X-ray diffraction determined the structure as [(2,6-Me2C6H3N)2C(H)]3Cu3(I)2, 4, a trinuclear product, Figure 8 . In this case, for a neutral complex there must be two Cu(II) ions and one Cu(I). This was also evidenced by an S = 1 ground state as established using Evans' method. 
(3)
The structure of 4 resembles the mixed-valence 3Cu(II,III,III) complex isolated by the Stack group from O2 activation, however 4 contains iodide ions instead of oxo groups. 78 Each Cu ion is fourcoordinate in a pseudo-tetrahedral geometry consisting of two nitrogen atoms, one from a different amidinate as is seen in 1, and two individual iodide atoms. The N1-Cu1-N6 bond angle is more obtuse than an ideal tetrahedron at 141.3(2)°, however, the N1-Cu1-I1, N6-Cu1-I2, and I1-Cu1-I2 angles are 101.94(18), 103.46(18), and 101.88(3)°, respectively. It should be noted the I1-I2 separation is 4.376 Å so these are two distinct iodide ions. The Cu-I bond distances showed those to Cu3 to be elongated at 3.0645(11) and 2.8085(11) Å compared to Cu1, 2.6416(12) and 2.9870(12) Å, and Cu2, 2.7956(11) and 2.6667(12) Å.
While the EPR spectrum for 2 and 3 were straight forward, the spectrum for 4 is complicated. Spectra were taken at different time intervals and the results varied with increasing time. In the first two hours, spectra appear similar to those found for 2, Figure 9 , with nicely resolved 7-line patterns indicating that the initial reaction of 1 with I2 in toluene also proceeds through a dinuclear, mixed-valence species. If the reaction is spiked with THF, 2 is obtained. Between two to eight hours, the spectrum changes to a trinuclear complex due to the presence of 10-line pattern in the EPR spectrum, Figure 10 . However, this is not the EPR spectrum of 4 as the spin-state is S = ½ not 1. The spectrum was simulated with g-values 2.212, 2.148 and 2.045. Some copper hyperfine is resolved for the middle g-value, but the best resolution is for the high-field g-value. The best resolved Qband spectrum for the intermediate leading to 4 in toluene, which is simulated with a 10 line pattern (1:3:6:10:12:12:10:6:3:1), has an Ax permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society.
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value of 58 G, Figure 10 . The best resolved Q-band spectrum for an mixed-valence two copper intermediate leading to 4 in toluene, which is simulated with a 7-line pattern (1:2:3:4:3:2:1) has an Ax value of 77 G, Figure S6 . The loss of resolution throughout the other spectra and the poorly resolved lines for Az are attributed to a mixture of dinuclear and trinuclear complexes having superimposed spectra. Finally, after eight hours, no EPR spectrum can be obtained and the complex is EPR silent. While the mechanism of the formation of 4 is unknown, some deductions can be made from the EPR spectra. The EPR spectra, Figure  9 and Figure S3 , in the first two hours has a similar spectra to 2 and 3 indicating that a dinuclear 2Cu(1.5,1.5) intermediate species is formed with a similar structure to 2 or 3. In THF or acetonitrile, those adducts flank each copper ion and provide the further electron density that is necessary to accommodate for the increased Lewis acidity of the copper upon oxidation. However, in toluene, the first intermediate complex that forms is similar but since solvent molecules are not available to coordinate to copper, the complex rearranges to form a trinuclear copper species but still only one reduction has taken place. This is supported by Figure 10 . Once the intermediate trinuclear copper complex is assembled, the trinuclear, S = ½ complex oxidizes a second time to produce 4. This is outline in Scheme 1. Since 4 is a non-Kramer state (S = 1), 4 is EPR silent, presumably due to the large zero field splitting (ZFS). unit, making it difficult to assign oxidation states with confidence. However, the computed Mulliken spins indicate that Cu1 and Cu2 possess a sizable amount of unpaired spin density (0.36 and 0.48 permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society.
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spins, respectively), while substantially less spin density is localized on Cu3 (0.14 spins). It therefore appears that Cu1 and Cu2 are cupric (+2), while Cu3 is the lone cuprous (+1) ion. This conclusion is consistent with the relative Cu-I bond lengths observed in the crystal structure. This is a rare example of a trinuclear copper complex with two cupric ions and one cuprous ion 79 and the other Cu(I,II,II) compound was also EPR silent. In Tolman's Cu (I,II,I ) compound, 80 an EPR spectrum could be achieved indicating a Class I species. The Murray group has recently reported a trinuclear copper complex which was also difficult to classify and it is possible that 4 has a similar electronic structure. 81 
Conclusion
We have demonstrated the facile synthesis of mixed-valence 2Cu(1.5,1.5) complexes using a dinuclear Cu(I) amidinate starting material and I2 reduction. These complexes were each obtained using the same reaction conditions, except different solvents. In THF and acetonitrile, dinuclear products were obtained, [(2,6-Me2C6H3N)2C(H)]2Cu2(μ2-I3)(THF)2, 2, and [(2,6-Me2C6H3N)2C(H)]2Cu2(μ2-I)(NCCH3)2, 3, respectively. However, in toluene, mixed-valence di-and trimetallic intermediate compounds were detected by EPR spectroscopy and a trinuclear compound, [(2,6-Me2C6H3N)2C(H)]3Cu3(μ3-I)2, 4, was isolated. Despite I2 not being a biologically relevant substrate with respect to copper-containing enzymes, the use of an inorganic substrate to gain insight into biomimetic chemistry has been demonstrated as these complexes represent isolable valence intermediates similar to those observed in copper-containing enzymes. Figure S4 . TD-DFT computed absorption spectra for complexes 2 and 3. 
